Introduction
There are several models adopted for fitting long-term distributions of significant wave heights. Among them are Log-normal distribution [1] , Generalised Gamma distribution [2] and the Beta distribution [3] . Some studies suggest that wave heights can be also be described in terms of Rayleigh distributions [4] and Weibull distributions [5, 6] . The Rayleigh distribution is regarded as the distribution of wave heights in stochastic processes with a linear and narrow banded spectrum. Although the sea-state may be regarded as effectively stationary in the short-term, any seasonal or annual distribution should be modeled using the short-term distributions of wave heights weighted by the proportion of time they persist. Even if a Rayleigh distribution is appropriate during stationary sea states, it is also of practical interest to consider and investigate the effect of representing the wave heights in terms of two-parameter Weibull distributions. In this paper we describe methods of fitting statistical distributions to significant wave height data of North Sea. The form of these distributions is of practical importance since by fitting appropriate distributions to the data in some locations and seasons, we can often obtain, by suitable interpolation methods, realistic distributions for other locations and seasons which do not have sufficient empirical data or may not have any data at all.
MATERIALS AND METHODS
The data on significant wave heights used in this study is taken from the survey of the world's oceans, Global Wave Statistics [7] . Significant wave height, H 1 3 / , is generally defined as the mean height of the highest one third of the waves in the sample, and is widely regarded as an approximate equivalent to the visually observed height. The statistical data contained in Global Wave Statistics provides significant wave height distributions for most parts of the world's oceans, and these are tabulated according to areas and seasons. We have chosen to look at Area 11, which is the North Sea. The total number of observations for this area is given as 68729 waves, and the frequency of wave heights which correspond to the significant wave heights for summer and winter are shown in Table 1 . Only data for winter and summer are considered in this paper since the distributions for these two seasons provide the most significant differences in the wave heights. The combination of the two seasons is also included in a mixture distribution of wave heights for winter and summer. For simplicity, only the data in the 'All Direction' class is considered instead of analysing all the eight directional classes. We will refer to the wave data in Table 1 as empirical distributions later in this paper. For a Rayleigh distribution, conventionally, the ratio of the mean to the significant wave height is approximately taken to be 0.63. We therefore multiply the midpoints of the class intervals for significant wave heights in Table 1 by 0.63 to give more realistic values for wave heights. Many studies assume that wave heights can be described in terms of Rayleigh distributions. Here, we wish to compare such models with those obtained using more general two-parameter Weibull distributions. Both Rayleigh and Weibull distributions are used to fit the empirical data in Table 1 . The Rayleigh distribution parameter is estimated using maximum likelihood estimation (MLE) while, for the two-parameter Weibull distribution, parameter values are obtained using: maximum likelihood estimation, quantile estimation (QE), and method of moments (MoM). A Chi-square goodness of fit test is then used to see how the fitted distributions compare with the empirical distribution. Many studies assume that wave heights can be described in terms of Rayleigh distributions. Here, we wish to compare such models with those obtained using more general two-parameter Weibull distributions. Both Rayleigh and Weibull distributions are used to fit the empirical data in Table 1 .
The Rayleigh distribution parameter is estimated using maximum likelihood estimation (MLE) while, for the two-parameter Weibull distribution, parameter values are obtained using: maximum likelihood estimation, quantile estimation (QE), and method of moments (MoM). A Chi-square goodness of fit test is then used to see how the fitted distributions compare with the empirical distribution.
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PARAMETER ESTIMATION FOR WEIBULL AND RAYLEIGH DISTRIBUTIONS
The probability density function (pdf) of the Weibull distribution can be written as 
Quantile estimation (QE) makes use of the cumulative density function (cdf) of Weibull distribution,
To estimate the parameters b and c, the right hand end-point of the lowest interval and the nearest class end-point to the upper two-percent percentile of the significant wave heights are used. For all three data sets (winter, summer and combined) the right hand end-point of the lowest interval is 1.0. The nearest class end-point to upper two percent percentile is 8.0 for winter, 5.0 for summer and 6.0 for the combined data set. Therefore, for winter, 
is the cdf value for the upper level. The estimated values of b and c are obtained by solving equation (6) and (7) and then the value for b is scaled by 0.63, as explained above, to obtain a realistic distribution of wave heights. The same method is applied to the summer and the combined 654 Mechatronics and Applied Mechanics data sets.For the Weibull distribution, these equations do not have algebraic solutions and have to be solved numerically. For this purpose a simplex routine is used. The estimated parameter values for the fitted Rayleigh and Weibull distributions together with the corresponding means (µ) and standard deviations (σ) are given in Table 2 . Using a Chi-square goodness of fit test these fitted distributions are then evaluated to determine whether they differ significantly from the corresponding empirical distribution.
GOODNESS OF FIT
A Chi-square test goodness of fit is based on the statistic ( ) 
where o i = observed frequencies , e i = expected frequencies and I = number of class intervals.
If the data are a random sample for the hypothesised distribution, then W ∼ χ ν 2 . The degree of freedom (ν ) are equal to I less the number of parameters of the distribution which are estimated from the data. The number of wave heights observed was taken to be 17182 in the summer and winter season, and twice this for the combined data set. The observed frequencies come from the empirical distribution while the expected frequencies are based on the fitted distributions. The results of this Chi-square test for each season and distribution are summarized in Table 3 . 
RESULTS AND DISCUSSIONS
The calculated values of χ 2 statistics are much larger than their expected values under the null hypothesis. It might be argued that they should be reduced somewhat to allow for a correlation between consecutive waves, intuitively we have fewer than 17182 independent observations, but even so there is very strong evidence that the data are not random samples from the hypothetical distributions. This is to be expected for such large data sets. A slight difference between empirical and hypothetical distributions is likely to be statistically significant. A more useful interpretation of the statistics is to compare the fits of different distributions to the empirical one. From Table 3 it is clear that the Weibull distributions are better fits than the Rayleigh distribution and that the MLE estimation is the best in this respect. This is supported by the graphs of all the fitted distributions together with the empirical distribution (plotted as a histogram) shown in Figure 1 , Figure 2 and Figure 3 respectively for winter, summer and combined . Therefore, even though many studies assumed that wave heights can be described in terms of Rayleigh distribution, it is found that the Weibull distribution is more natural and more appropriate since it allows mean and variance to be fitted according to the scale and shape parameters. 
